Abstract
Introduction
The number of ways to utilize renewables as energy sources, and that of processes to recycle waste materials is constantly increasing. This is partly due to the strict regulations, and may also be connected with the dependence on fossil energy sources [1] . Diverse technical solutions are constantly emerging and developed to decrease the energy demand of industrial processes [2, 3] ; to decrease waste streams and to recycle process streams [4, 5] ; and finally -if the production of waste at the end of the process is inevitable -to utilize the generated waste materials [6] [7] [8] irrespectively of their physical state. However, extremely resistant and durable solid waste materials, such as waste tire, can be particularly difficult to utilize. In the European Union more than 1.43 billion tonnes of waste are produced yearly, that will probably increase further with economic growth [9] . The amount of used rubber tires in the industrially developed countries may be as much as 8 to 9 kilogrammes per capita annually. The global tire production is 1.5 billion units, while in Europe approximately 3.3 million tonnes of waste tire is produced per year [10] .
One of the greatest problems with the treatment of nonbiodegradable waste is a lack of suitable regulations, beside the small number of economically viable possibilities for reuse [11] . It is a vast amount of waste material, the deposition and recycling of which must be definitely taken care of. Storage holds numerous sources of danger. If the tires catch fire, the conflagration is extremely difficult to put out because of the intensive heat and dense smoke.
Fires cause air pollution, emission of toxic substances into the atmosphere, while solid combustion products pollute the environment with various organic and inorganic compounds. Besides flammability, the highly resistant nature of rubber against physical, chemical, and biological effects make waste treatment more difficult [12] . In accordance with their function, rubber tires are manufactured to withstand rough mechanical and weather conditions -for example ozone-and remain functional among extreme light conditions and in the presence of bacteria. This capacity of high resistance, however, is one of the reasons that makes reutilization or further processing difficult [13] .
The analysis of the elemental composition of waste tires has been investigated in the literature, although these analyses have most often focused on elements present in the highest concentrations (e.g. C, H, Zn, O, S, Si, etc.). At the same time the detection of elements in the ppm concentration range is uncertain with many analytical methods. The most frequently used techniques are the ICP, ICP-MS, ICP-AES, AES, etc. [14] [15] [16] [17] [18] . These methods, however, involve a sensitive, long and often complicated sample preparation procedure (digestion, acid treatment, etc.). In the case of rubber tires, sample preparation is difficult in correspondence with the resistant and durable properties of rubber material. Considering the subsequent use or recycling, determining the elemental composition of tires is of great importance. On the one hand from an environmental aspect (water, soil, air pollution); on the other hand because of the harmful effects on people coming into contact with polluted environment. Through direct reuse in harbours or as artificial reefs, harmful substances can dissolve into the seawater. Traffic caused pollution involve tire wear particles present in the atmosphere originated from the road surface, which pose a danger to human health through inhalation. Moreover in the immediate surroundings of roadways, traffic related soil pollution can be observed [19] . During the frequently applied pyrolytic utilization the polluting impact is divided between the gas and ash fractions produced in the process, as certain substances may get enriched in one product or the other.
Pollution caused by rubber tires
The elemental composition is a key feature of waste tires, which should be investigated previous to recycling. Besides natural and synthetic rubber, tires contain several additives like activators (e.g. ZnO 2 ), accelerants (e.g. MgO, fatty acids, amines), ageing retardants (e.g. metal-oxides, polychloroprene), fillers (e.g. BaSO 4 , MgCO 3 , CaCO 3 ), etc. [20] . Some of these elements can have a negative effect on certain features or properties of the product with recycled rubber content, e.g. accumulated metals in ashes or caustic compounds from nonmetallic components (e.g. S, Cl, F, etc.).
Traffic related pollution has been a long disputed subject relating to climate change and air pollution. The emphasis has been put to exhaust materials and gases; however, non-exhaust emission (road dust, tire wear, break wear, etc.) has a considerable effect on air quality as well [21, 22] . Particulate matter, mainly PM10 (PM with an aerodynamic diameter less than 10 μm) and PM2.5 (PM with an aerodynamic diameter less than 2.5 μm), may cause respiratory diseases in humans [23, 24] .
Kwak et al. investigated the physical and chemical properties of traffic-caused non-exhaust particles. They compared onroad particles with ones generated in laboratory driving measurements. Chemical composition of tire wear particles (TWPs), roadway particles (RWP) and break wear particles (BWPs) were analysed. Highest amount of particles was emitted during the event of braking with significant amount of tire wear particles in this fraction. However, in their study only Zn was directly connected with tire wear [25] .
Fukuzaki et al. also analysed roadside airborne pollution connecting certain elements with their possible sources. Among the detected elements in tire tread were Zn, Na, Al, Cl, K, Ca, Ti, V, Mn, Co, Ni, Br, Cd, I and Pb. A direct connection to tire tread was established only in the case of Zn. Rb was considered as originating in pavement and soil in the concentration of 94 and 140 µg/g, respectively [26] .
The elemental content of coal, biomass and waste tire as raw materials as well as the effect of pyrolysis on the amount of elements were analysed by Raclavská et al. The measured elements included barium (Ba), bromine (Br), calcium (Ca), chlorine (Cl), chromium (Cr), copper (Cu), iron (Fe), potassium (K), manganese (Mn), phosphorus (P), lead (Pb), rubidium (Rb), sulfur (S), silicon (Si), strontium (Sr), titanium (Ti), yttrium (Y), and zinc (Zn). Thermal conversion, e.g. pyrolysis processes, can have an effect on the distribution of the potentially hazardous elements in the conversion products of tires. During pyrolysis the ratio of these elements changed significantly in the pyrolytic products [27] .
On the other hand, only a few papers discussed the fate of the hazardous elements (e.g. Zn) in soil, water or sediment caused by leaching [28] . Leachate derived from tire-wear particles was proven to be phytotoxic to microalgae in a concentration as low as 25 mg/L in coastal waters. Such results draw the attention to the environmental effects of certain elements making up tires [29] . Thus, in order to explore the potentially harmful environmental effects, analysing the chemical composition of used rubber tires is indispensable, justifiably including elements present in the raw material in low concentrations, based on which the potential pollutants can be identified.
In our present study, the elemental compositions of used rubber tires obtained from six different manufacturers are determined with X-ray fluorescence spectroscopy (XRF), focusing on the rarely detected trace elements of As, P, Sr, Rb, Y, and Zr.
Materials and methods
A frequently used analytical method to determine the elemental composition of rubber samples is inductively coupled plasma atomic emission spectroscopy (ICP-AES) or mass spectrometry (ICP-MS). These techniques are considered accurate; however, relatively long preliminary sample preparation is needed. Samples are usually digested in a strongly acidic environment at high temperatures (120-220°C).
Miskolczi et al. investigated the applicability of nonpolarized energy dispersive X-ray fluorescent spectroscopy compared to the frequently used inductively coupled atomic emission spectroscopy (ICP-AES) technique. They found that XRF was a suitable and cost-effective method to analyse rubber samples, thanks to its high accuracy, low LLD (Lowest Limit of Detection) value and quick analysis without sample preparation [30] .
In our analyses, the elemental make-up of used rubber tires was determined using isotope-generated energy dispersive X-ray-fluorescence spectroscopy. The great advantages of XRF analysis besides almost no sample preparation, is that it is a nondestructive method avoiding contamination an loss of elements.
After the reinforcing steel wire has been removed from the tires, the samples were ground to a uniform size of 0.3 mm. These ground tire samples were analysed with XRF.
The radioactive-isotope generated energy dispersive X-ray fluorescence measuring system applied in our studies can be seen in Fig. 1 , comprising the following functional units:
• Excitation unit: For the rubber samples analysis iodine-125 isotope was used as a radiation source. The measuring unit is depicted in Fig. 2 .
• Canberra SSL 80160 Si(Li) semiconductor detector with the following parameters: resolution 160 eV at an energy level of 5.9 keV, thickness 5 mm, surface area 80 mm 2 .
• Preamplifier • Canberra DSA-100 digital spectrum processor with Genie Gamma Acquisition&Analysis software. The applied amplitude analyser works with 2 x 8192-channels.
• Evaluating computer with software package WinAxil (CANBERRA) installed, which can be used with both the X-ray tube generated and isotope generated systems applying several determination methods.
Results and Discussion
In present study, passenger car rubber tires from six different manufacturers were investigated listed in Table 1 with their specifications. Of the 25 analysed tires, 6 orginitated from agricultural vehicles, 5 from trucks, and the remaining 14 from passenger cars.
All the analysed samples contained C, H, Zn, O, Si, K, Cl, Ca and Fe in a weight percent range from 83 to 0.1 wt%, as well as Br, Co, Cu, Cr, Ni, Mn on a ppm concentration level in the range of 900-100. However, six trace elements (As, P, Rb, Zr, Sr and Y) were present under 100 ppm, which have been hardly mentioned in the literature. Considering the vast amount of waste tires generated on a yearly basis and their diverse recycling techniques, these trace elements can cause considerable contamination in various environmental compartments.
During our investigations the entire elemental spectra of all the samples were measured with a special attention to these elements in the lowest concentration range.
The results detailing the concentrations of these trace elements obtained through direct measurements can be seen in Table 2 . In the table, the measurement results are given according to use (truck, agricultural vehicle and passenger car) and also according to the main manufacturers.
Elements detected below 100 ppm are arsenic (As), phosphorus (P), rubidium (Rb), zirconium (Zr), strontium (Sr), and yttrium (Y). Although there is some difference between the Fig. 1 The applied radioactive isotope generated energy dispersive X-ray fluorescence measuring system Fig. 2 The measuring unit of the X-ray fluorescence spectroscope system [31] products of the various manufacturers of car tires, the variance is not significant. The same slight deviation was observed in the case of elements in high concentrations. The detected XRF spectra of two randomly chosen passenger car tire samples (P15H and P18M) are depicted in Fig. 3 and 4 as an example for the detected trace component spectra. The measured concentrations of the trace elements with their variances can be seen in Fig. 5 . according to their application, while the different manufacturers are compared in Fig. 6 .
Considering the fact, that such an extensive elemental analysis has not been present in the literature, our results cannot be compared with similar measurements. Several authors investigated mostly the composition of roadside dust and particles, from which only vague conclusions can be drawn. It can be stated though, that in the case of used tires, not only manufacture related components are present. Particles originated from the brake dust of brake shoes; dust and paint particles of road origin, as well as compounds of the catalytic converter can also adhere to the tire surface. For example Zirconium has already been shown to be present in brake dust, while Yttrium is thought to be derived from road dust [32] .
Kreider et al. examined the elemental composition of the particles produced through the interaction between rubber tires and asphalt. They concluded that arsenic -which was also included in present study -had its origin in the road dust [33] .
Arsenic and strontium can also be found in the brake shoes of cars so these elements may get onto the rubber tires from the brakes. During subsequent reuse or recycling these elements can appear again or they may even get enriched in the products. Identifying the source of the elements is, therefore, not an easy task, as the interaction of the different sources must be taken into account. Dust from the brakes, for instance, may settle on the road surface, then, it can be stirred up again. In the same way, miniscule rubber particles from the tires drift onto the roadside soil, increasing its metal content [34] .
During reuse and recycling, however, the concentration in the new products, soil, water and air are more important than that their origin, thus the fate and effect of these elements should be investigated by further studies.
Conclusion
In our studies trace elements As, P, Sr, Rb, Zr, and Y were detected in waste tire samples, which elements together had previously not been examined. The results show that these elements are present in similar concentrations in rubber tires of several types and origins.
In this study the suitability of the X-ray fluorescence spectrometry as analytical tool was established even in the ppm range. Applying this technique a non-destructive, quick and precise analysis of resistant rubber samples becomes possible.
Identifying the sources of the different detected elements is a complex task, especially in the case of these components of low concentration. However, if these elements get into or onto the tire, they can be a source of further problems and pollution during reuse or recycle.
As the amount of waste rubber tires is vast and, with the different recycling techniques, certain elements may get enriched in the new product, even these trace elements deserve our attention. Their impact on the environment and human health require further study.
